[1] A one-dimensional numerical ice flow model is used to study the advance of a tidewater glacier into deep water. Starting with ice-free conditions, the model simulates glacier growth at higher elevations followed by advance on land to the head of the fjord. Once the terminus reaches a bed below sea level, calving is initiated. A series of simulations was carried out with various boundary conditions and parameterizations of the annual mass balance. The results suggest that irrespective of the calving criterion and accumulation rate in the catchment area, it is impossible for the glacier terminus to advance into deeper water (>300 m water depth) unless sedimentation at the glacier front is included. The advance of Columbia Glacier, Alaska, is reproduced by the model by including ''conveyor belt'' recycling of subglacial sediment and the formation of a sediment bank at the glacier terminus. Results indicate slow advance through the deep fjord and faster advance in shallow waters approaching the terminal moraine shoal and the mouth of the fjord.
Introduction
[2] Tidewater glaciers are observed to go through cycles of slow advance followed by rapid retreat [e.g., Post, 1975; Meier and Post, 1987] . The recent dramatic retreat of many tidewater glaciers around the world has drawn major attention to the issue of the stability of calving glaciers. Examples of recent significant changes include the rapid thinning of many of the outlet glaciers in Greenland during the 1990s [Abdalati et al., 2001] , the dramatic retreat of Jakobshaven Isbrae to the head of its fjord in early 2002 [Joughin et al., 2004] , and the significant retreat of Columbia Glacier in Alaska since the early 1980s [Meier and Post, 1987; Pfeffer et al., 2000] .
[3] While some attempts have been made to develop models for calving [e.g., Reeh, 1968; Hughes, 1992; van der Veen, 1996; Hughes and Fastook, 1997; Hooke, 2000, 2004] , there is, at present, no theoretical model available that can explain the observations. It has been noted on many glaciers that the calving rate (volume of ice that breaks off from the glacier terminus per unit time and unit vertical area) increases with water depth at the terminus. Brown et al. [1982] and Pelto and Warren [1991] therefore proposed the water depth model in which the annual calving rate is linearly related to the water depth at the glacier terminus. On the other hand, Meier and Post [1987] and van der Veen [1996] argued that the water depth model is relevant only for glaciers that are almost in steady state. On the basis of observations made during the rapid retreat of Columbia Glacier, Alaska, as well as on several other grounded glaciers, van der Veen [1996] suggested that the position of the calving front is controlled by both water depth and ice thickness at the glacier terminus and presented the flotation model. In the flotation model the terminus position is defined as the point where the ice thickness exceeds the flotation thickness by an amount H 0 . If the glacier thins, the terminus will retreat to a point where this condition is again satisfied. Vieli et al. [2001] modified the flotation criterion and defined the thickness in excess of flotation H 0 as a fraction of the flotation thickness. A recent modeling study by Nick and Oerlemans [2006] compared both the water depth and the flotation calving models, using a numerical model to simulate retreat and advance of tidewater glaciers with simplified geometries. They showed that although the flotation model is capable of simulating retreat and advance of some tidewater glaciers better than the water depth model, it fails to simulate a full cycle of glacier length variations when the glacier terminates into very deep water. Hence it is still unresolved whether a universally applicable calving model exists.
[4] Understanding the interaction between calving glaciers and climate is essential to interpret the past, to monitor the present, and to predict the future. Clarke [1987] suggested that calving glaciers are inherently unstable, with periodic cycles of advance and retreat that may be nearly independent of climate. Further, it has been shown that the advance/retreat behavior of tidewater glaciers is mainly a function of fjord geometry [Mercer, 1961] , water depth at the glacier terminus [Brown et al., 1982] , and sedimentation at the glacier front [Powell, 1991] . The different terminus behavior of neighboring glaciers, which are derived from the same snowfield, suggests that their terminus advance or retreat is largely the result of internal dynamics rather than climatic changes. However, Viens [1995] showed that climate acts as a first-order control on the advance/retreat cycle by placing limitations on glacier advance and determining where the terminus reaches an equilibrium state during retreat (on the basis of observations of Alaskan tidewater glaciers). The above reveals that the diverse behavior of tidewater glaciers is likely the result of the complex interaction between internal dynamics and climate forcing. Therefore a better understanding of the processes controlling dynamics of tidewater glaciers is needed to make any interpretation of the past or prediction of future behavior of these glaciers.
[5] Tidewater glaciers may experience a continuous advance caused by a low-lying equilibrium line altitude (ELA) [Mercer, 1961] or because of the presence of a frontal sediment shoal which reduces water depth at the terminus and lowers calving rates [Powell, 1991] . The role of sediment deposition at the glacier terminus, allowing the glacier to advance, has been recognized in many previous studies [e.g., Post, 1975; Alley, 1991; Powell, 1991; Hunter et al., 1996a; Fischer and Powell, 1998 ]. The extensive areas uncovered by glacier retreat during the last hundred years demonstrate that many glaciers are underlain by soft and poorly lithified sediments. Tidewater glaciers often advance over their own sediments, which are easily eroded and transported forward. Powell [1990] proposed that if the location of the glacier front is more or less stationary, morainal banks can form relatively fast: Sedimentation rates at such locations can easily be of the order of meters to tens of meters per year. Subsequently, Alley [1991] introduced a model describing a moraine shoal that moves with the advancing glacier front. Oerlemans and Nick [2006] presented a basic glacier sediment model in which the morainal shoal is forced to move with the advancing glacier front. Their model demonstrated that the feedback between sediment shoal and calving rates leads to a strongly nonlinear response to climate forcing.
[6] The objective of the present study is to identify processes most important in controlling the advance of tidewater glaciers, focusing on the extensively documented Columbia Glacier. A numerical flow line model is used to investigate whether glacier advance into its deep fjord is primarily driven and sustained by changes in climate forcing or whether other mechanisms such as the internal dynamics are the main controls on advance. To investigate the importance of sediment bank formation on the stability of the glacier terminus, we combined the numerical flow line model with a simple sedimentation model. Additionally, two calving formulations, the flotation model and the water depth model, are incorporated, and their predictions are compared. Available data for the historical advance of Columbia Glacier are used to assess how well the model applies to this glacier.
Columbia Glacier
[7] Located in south central Alaska, Columbia Glacier is the last of the major Alaskan tidewater glaciers to retreat from an extended position at the seaward end of its fjord. The glacier is currently about 52 km long, extending from 3050 m elevation in the western Chugach Mountains down to sea level, discharging icebergs into Columbia Bay in Prince William Sound. The glacier is grounded with a substantial amount of ice in the lower reach below sea level.
[8] A 1000 year advance of Columbia Glacier is documented by tree ring calendar dates from subfossil and living trees. During this advance the glacier expanded into forest along its fjord margins, burying trees in glacial sediments. These forests have been uncovered during the last two decades of retreat, and their tree ring data provide records of earlier advance into Columbia Bay as well as records of past climate conditions. The chronology shows an average advance rate of 36 m yr À1 between A.D. 1060 and 1808 with a significant stand-still or minor retreat circa A.D. 1450 [Kennedy, 2003] . Between 1800 and the early 1980s the position of the terminus was relatively stable, but in 1981, retreat began and has continued at an increasing rate [Krimmel, 1997; Pfeffer et al., 2000] . During the last 25 years the terminus has receded 14 km.
[9] During the Little Ice Age (A.D. 1200-1900) the majority of Alaskan glaciers reached their Holocene maximum extensions. ELAs were lowered 150-200 m below present values [Calkin et al., 2001] . Barclay et al. [1999] developed a 1000 year tree ring width chronology for the western Prince William Sound by using living and subfossil trees from glacier forefields. They showed that multidecadal long warm periods occurred around A.D. 1300, 1440, and possibly 1820 with cool intervals centered on A.D. 1400, 1660, and 1870.
[10] The rapid retreat of Columbia Glacier has been monitored on a regular basis since 1976 by aerial photogrammetry conducted by the U.S. Geological Survey [Krimmel, 1997 [Krimmel, , 2001 . Derived surface elevations and surface speeds are published [Fountain, 1982; Krimmel, 1987 Krimmel, , 1992 Krimmel, , 2001 for the period of 1976 until 2001. The bed topography of the lower reach is known from bathymetry, radio echo sounding, and boreholes [Krimmel, 2001; ; few data are available for the catchment area of the glacier.
[11] The climate of Prince William Sound is characterized by mild winters and cool summers, with annual precipitation ranging from 1700 to 2400 mm. At higher altitudes, above 2500 m above sea level, the temperature remains below freezing except for a few days in mid-July [Tangborn, 1997] . The high precipitation rates, together with the high mountainous area, provide favorable conditions for glaciers to form and expand. The Columbia Glacier mass balance was measured, with stakes located approximately at 100 m elevation intervals, in 1977 -1978 by the U.S. Geological Survey [Mayo et al., 1979] . By using observed low-altitude temperature and precipitation, Tangborn [1997] provided a 50 year (1949 -1996) modeled mass balance as a function of altitude and time.
Methods and Materials
[12] This section summarizes the time-evolving model and the processes included in the model.
Model Description
[13] The flow line model calculates the change in ice thickness H and ice velocity U along a central flow line [Oerlemans, 2001; van der Veen and Payne, 2004] . Evolution of the glacier thickness is described by the vertically and laterally integrated continuity equation [van der Veen, 1999 ]
where t is time, x is distance along the central flow line, B is the surface mass balance, and W is the glacier width. Equation (1) is solved on a discrete grid using the finite difference method. A moving grid is used, which allows the position of the terminus to be determined with high accuracy. At each time step a new grid is defined to fit the new glacier length. For further details, see Nick and Oerlemans [2006] .
Glacier Geometry
[14] The model is essentially one-dimensional, but threedimensional geometry is implicitly taken into account through the parameterization of the cross-sectional geometry along the flow line (thick arrows in Figure 1 ). This geometry is determined by two parameters, the bed elevation and glacier width. The bed elevation is provided by Krimmel [2001, Figure 11] . For the last 20 km of the fjord the bed elevation suggested by O'Neel et al., [2006] is used ( Figure 2a ). An approximate glacier width along the central flow line was estimated from a topographic map of Columbia Glacier. The tributaries are taken into account in such a way that the surface elevation distribution is not distorted too much (Figure 2b ). The glacier width may also vary with glacier thickness, becoming wider when the glacier thickens. There are insufficient data available on the crosssectional profile of the fjord basin. Therefore two possible cross-sectional geometries, rectangular and trapezoidal [Oerlemans, 2001] , are considered in the model.
Ice Velocities
[15] The ice velocity is expressed as a velocity averaged over the cross section and includes contributions from basal sliding U s and internal ice deformation U d . In this model the vertical shear stress is related to strain rate according to Glen's flow law [Glen, 1955] , which yields [Paterson, 1981] 
The typical value of the flow law exponent n = 3 [Alley, 1992] and a rate factor A = 1 Â 10 À7 kPa À3 yr
À1
, corresponding to ice near the freezing point [van der Veen, 1999, Figure 2 .6], are used. The driving stress S d is defined as
where @h/@x is surface slope and g = 9.8 m s À2 is the gravitational acceleration. [16] It has been shown that most of the flow resistance on the lower reach of Columbia Glacier is due to basal drag and the rest is mainly due to lateral drag; gradients in longitudinal stress contribute little to the resistance to flow [van der Veen and Whillans, 1993; O'Neel et al., 2006] . Lateral drag could be included in the model by introducing a shape factor [Nye, 1965; Bindschadler, 1983] . However, considering the geometry of Columbia Glacier (with a large width-to-height ratio), these effects are probably too small to be crucial for the large-scale flow of glacier and are therefore ignored in the present model.
[17] The fast flow of Columbia Glacier is primarily due to high sliding velocities Kamb et al., 1994] . It has been recognized that subglacial water pressure plays an important role in sliding process [Weertman, 1964; Budd et al., 1979; Iken, 1981; Bindschadler, 1983] . A modified Weertman-type sliding velocity [Budd et al., 1979; Bindschadler, 1983 ] is adopted here
The effective pressure N eff is equal to the difference between ice overburden pressure P i and subglacial water pressure P w . A high subglacial water pressure or a thin glacier front reduces the effective basal pressure which leads to enhanced sliding. Basal drag S b is set equal to driving stress S d . Bindschadler [1983] compared four basal sliding formulations suggested by theoretical and experimental studies and concluded that equation (4) , m % 3, and p = 1 using the best fit between inferred and predicted velocities along Variegated Glacier. In this study we used the observed surface and bed elevation and ice surface velocity of the lower reach of Columbia Glacier ($15 km) obtained from data during the glacier retreat collected by the U.S. Geological Survey [Brown et al., 1982; Krimmel, 1997 Krimmel, , 2001 Meier et al., 1985; Sikonia, 1982] . There are no direct measurements of sliding velocity available, but the observed surface velocity can be considered as an estimate of the sliding velocity because fast flow in the lower reach is predominantly associated with basal sliding. Using multivariate regression, a best fit between calculated and observed velocities was found for A s = 9.2 Â 10 6 m yr À1 Pa 0.5 , m = 3, and p = 3.5. The basal pressure cannot exceed the ice overburden pressure as this would correspond to a net upward force and
where r i is the ice density. At the glacier front the terminus may be close to flotation , which means that the effective pressure becomes very small, leading to the sliding velocity becoming too large and resulting in numerical instabilities. Therefore a minimum effective pressure of 150 kPa is prescribed. This limit is in the range measured at the lower reach of Columbia Glacier during its retreat [van der Veen, 1995] . Another model assumption is that there exists a full and easy water connection between the glacier base and the adjoining sea [Lingle and Brown, 1987] , so that the subglacial water pressure can be estimated from
where r w is the water density and b denotes height of the ice column below sea level.
[18] Although the sliding formulation is obtained from data during the glacier retreat, it can be also used in the model to simulate the glacier advance. Equation (4) yields high velocities during glacier retreat as has been observed, but during advance, velocities predicted by equation (4) remain moderate because the glacier thickness is large and thus the effective pressure is large. It will be shown that modeled advance does not depend on basal sliding velocity.
Surface Mass Balance
[19] The surface mass balance is prescribed as a linear function of elevation
where b is a constant balance gradient, ELA is the equilibrium line altitude, and h is surface elevation. On the basis of mass balance measurements on Columbia Glacier made in 1977 -1978 by the U.S. Geological Survey [Mayo et al., 1979] a high balance gradient b $ 0.01 yr
À1
was chosen for the model simulations. The modeled 1949-1996 mass balance of Columbia Glacier suggests an ELA of $1000 m [Tangborn, 1997] . During the Little Ice Age in Alaska, ELAs were depressed by 150-200 m below the present-day [Calkin et al., 2001] ; therefore the mean value of ELA = 900 m was applied to reproduce glacier advance.
Boundary Conditions
[20] The up-glacier model boundary is at the ice divide, so there is no ice flux into the model domain; therefore the ice velocity at the first grid point is set to zero, and the ice thickness at this grid point is extrapolated from the neighboring points. At the downstream end of the glacier the calculated ice velocity at the terminus tends to become unrealistically high because of the large slope from the glacier surface to sea level. For that reason the terminus ice velocity was set equal to the ice velocity at the first upstream grid point.
[21] To incorporate the two calving models, two different boundary conditions at the downstream end of the glacier are prescribed. For the flotation model the glacier thickness at the terminus cannot be less than a given limit H c , which depends on the local water depth. Vieli et al. [2001] defined the critical thickness H c as a small fraction q 0 of the flotation thickness plus the flotation thickness as
where d is the bed elevation at the calving front (negative where the bed is below sea level). For Columbia Glacier, q 0 = 0.15 is suggested by Vieli et al. [2001] . The position of the terminus, at each time step, is shifted to the point where the ice thickness equals H c . The actual position of the terminus is determined by interpolating between values of two neighboring grid points with ice thicknesses larger and smaller than H c . Thereafter new grid points are defined to fit the updated glacier length.
[22] In the water depth model the calving rate U c is linearly related to the water depth at the terminus
To simulate advance of Columbia Glacier, the coefficient a = 10 yr À1 is used [van der Veen 1995, Figure 12 ]. The terminus position changes in response to the imbalance between ice velocity and calving rate [Meier, , 1997 
where L is the glacier length. At each time step the position of the terminus is obtained from the ice velocity at the terminus U f minus the calving rate.
Sediment Model
[23] There are several processes which regulate the growth and collapse of the sedimentation pile at the glacier front, glacial debris deposition, glaciofluvial sediment deposition, bed deformation, calve dumping, etc. [Hunter et al., 1996a] . Considering these processes, it is reasonable to assume that the deposition rate is largest at the glacier front and drops off smoothly with distance away from the glacier front . A moraine shoal is assumed at the glacier front, which moves forward with the advancing front. The sediment supply is continuous, and the volume of the shoal increases over time. The height of the shoal along the flow line is described as
where a = 300 m determines the shoal width, chosen to provide a reasonable geometry for the morainal shoal ( Figure 3) . Admittedly, this value is not supported by any observational evidence or theoretical study. Q(t) is the total amount of sediment along the flow line supplied by the advancing glacier. This amount varies with glacier length and time:
in which q is the average erosion rate under the glacier; the value q = 4 mm yr À1 is used, which is in the range of values obtained from morainal banks in Glacier Bay, Alaska [Hunter et al., 1996b] .
[24] As the glacier front terminates into water, at each time step, a new bed profile is determined by adding s(x) to the original bed profile (Figure 2a) . Taking into account that the last part of the fjord is a morainal shoal made during glacier advance, the modified bed elevation cannot become higher than the original bed profile near the mouth of the fjord, where the water depth is less than 60 m.
Model Experiments
[25] A series of simulations was conducted to assess whether the formation of a proglacial moraine bank is a necessary condition for advance of Columbia Glacier into its deep fjord.
Glacier Advance Without Moraine Bank
[26] The simulation starts from ice-free conditions; a large surface mass balance, ELA = 100 m in equation (7), forces the glacier to grow and advance into the fjord. This unrealistic low value for ELA is chosen to provide an extreme positive mass balance to produce the glacier's greatest extent. Figure 4 presents the evolution of glacier length over time simulated by the water depth model (solid curve) and the flotation model (dashed curve). For both model formulations the glacier grows and reaches a maxi- mum extent. Corresponding surface profiles at maximum extent are depicted in Figure 5 . As the glacier terminus advances into deep water, the calving flux increases and balances forward movement of the terminus associated with ice flow, prohibiting further glacier advance. The maximum glacier extent is greater in the water depth model than the flotation model. In the flotation model, when the terminus encounters deeper water, the frontal thickness is not large enough to satisfy the flotation criterion, and therefore the terminus retreats and does not advance as far as in the water depth model.
[27] The short-dashed and long-short-dashed curves in Figure 4 represent the modeled glacier length without sliding for the water depth and the flotation models, respectively. Omitting basal sliding allows the glacier to become thicker in the terminal region. A thicker terminus and larger surface slope increase the deformation velocities in that region, and consequently, the glacier advances at more or less the same rate as when sliding is included. For the flotation model, changes are more significant as the calving is related to glacier thickness. In this model, when there is no sliding, the glacier terminus gets thicker; thus calving decreases, and the glacier advances into deeper water.
[28] Neither of the model formulations allows the glacier to advance into water with a depth greater than $300 m and to reach the end of the fjord. This suggests that irrespective of the calving criterion and surface mass balance, to allow the terminus of a tidewater glacier to advance the full length of the fjord, either the fjord must be comparatively shallow (less than $300 m water depth) or sedimentary processes must play a role.
Glacier Advance With Moraine Bank
[29] The next experiments incorporate sediment transport and deposition into the ice flow model. Glacier advance is initiated by applying a more realistic ELA = 900 m (mean value during the Little Ice Age). An average erosion rate (q = 4 mm yr À1 ) is used in the sediment model. The evolution of the glacier surface during the advance phase for the water depth and flotation models is shown in Figure 6a and 6b, respectively. The time interval between profiles is 20 years. Advance into deeper water becomes possible because the sediment shoal (gray outgrowths on the bed topography, Figure 6 ) reduces water depth and restricts calving. The glacier starts advancing when sedimentation at the terminus reduces the local water depth to around 250-300 m. Figure 7 illustrates the glacier length variation over time. While the glacier is advancing, the calving front reaches deeper water, leading to higher calving flux and slower advance. Where a basal depression (at 49 km and 51 km, Figure 6 ) is present, the glacier advances very slowly or remains steady until the depression is filled with sediment and water depth decreases sufficiently to allow the terminus to advance again. For the chosen a = 10 yr À1 and q 0 = 0.15, glacier advance according to the flotation model (long- Figure 5 . Glacier surface profile at maximum extent, simulated by the flotation model (dashed curve) and the water depth model (solid curve). Sedimentation is not included. Figure 6 . Evolution of the glacier surface, including sedimentation, during the advance for (a) the water depth model and (b) the flotation model. The moraine shoal grows and moves forward as the glacier advances. The time interval between profiles is 20 years. dashed curve) is slightly slower than for the water depth model (solid curve) because a somewhat higher moraine bank (smaller water depth) is required to satisfy the flotation criterion (Figure 7) . The short-dashed curve in Figure 7 represents glacier length assuming a trapezoidal geometry for the channel cross section. Using this geometry implies a narrower channel for the thinner glacier tongue. As the glacier thickens, the glacier width increases. The onsets of rapid advances occur earlier for the trapezoidal channel geometry (short-dashed curve) than for the rectangular channel geometry (solid curve), but otherwise predicted glacier evolution is very similar (Figure 7) . Therefore the rectangular channel geometry is used in all subsequent model experiments.
Sensitivity of Model Results
[30] Additional model runs with different average erosion rates are performed to examine the sensitivity of the modeled glacier to the amount of sedimentation (Figure 8) . In all runs, ELA = 900 m is specified. Varying the sediment rate has a substantial effect on advance rate, as would be expected: Higher sedimentation (q = 8 mm yr À1 ) reduces water depth in a shorter time, so calving rate decreases faster and the glacier can advance more rapidly (short-dashed curve), whereas a lower sedimentation rate (q = 2 mm yr À1 ) leads to a slower advance (long-dashed curve). In both cases, however, the terminus reaches the end of the fjord (Figure 8) .
[31] To examine the sensitivity of the modeled glacier to climate forcing, the model is run with a warmer climate (ELA = 1100 m, corresponding to the present climate) and a cooler climate (ELA = 700 m). The same average erosion rate (q = 4 mm yr À1 ) is used. Modeled advance for different runs is illustrated in Figure 9 and shows that advance rates during the rapid and slow phases are not affected significantly by the ELA but the onset of these phases is shifted in time. As the terminus advances into deeper water (>250 m), the glacier becomes relatively insensitive to climate change. From this we conclude that climate forcing had smaller effect on the advance of Columbia Glacier than the formation of the moraine bank.
Discussion
[32] Figure 10 illustrates the terminus position reconstructed from tree ring data along the west and east margins of Columbia Fjord [Kennedy, 2003] . Glacier advance started Figure 10 ), followed by another advance to the maximum extent reached at $A.D. 1800. At 61 km the glacier advances over a bed that shallows along the flow line; therefore decreased calving would be expected, facilitating terminus advance rather than the inferred stand still. Without invoking some external mechanism a steady terminus position at this location or even terminus retreat is rather unlikely . The cause of the inferred phase of steady terminus position is unknown but could be related to climate forcing or to a change in proglacial sedimentation.
[33] The first modeling attempts to produce the observed terminus behavior involved climate forcing. Maintaining a stationary terminus at 61 km for a period of 300 years requires a substantial increase in ELA around A.D. 1400 followed by a lowering of the ELA after about two centuries. This would indicate that the glacier experienced a very warm climate starting around A.D. 1400. However, the available climate record for this region spanning the last millennium indicates a cool period around A.D. 1400 [Barclay et al., 1999; Wiles et al., 2004] . Figure 11a represents the tree ring chronology of Columbia Bay; a large mean ring width indicates high growth rate and is interpreted as favorable climate conditions. Therefore a decrease in ring width is consistent with cooling conditions. The record shown in Figure 11a suggests colder climate conditions during the 15th century, which is opposite to the warming required to maintain the terminus at 61 km. To further investigate the effect of climate forcing on glacier advance, the water depth model is run by applying a climate forcing proportional to the tree ring width. The experiment is done for different constant of proportionality between ELA and the tree ring width. The simulated glacier length does not show any steady state around 61 km and is also insensitive to the constant of proportionality (Figure 11b) . Consequently, observed behavior of the glacier terminus between A.D. 1400 and 1700 is unlikely to reflect changing climate conditions.
[34] The observed steady terminus position might have occurred because of a substantial change in height of the moraine bank when the glacier reached this location. Inspection of the geometry of the fjord (Figure 12 ) suggests that part of the sediment may initially have been diverted into the open areas along both margins. Arrows in Figure 12 illustrate possible directions for the sediment transport. This lateral transport would have resulted in a reduction of the shoal height and, consequently, an increase in calving rate, temporarily halting glacier advance. The terminus remained Figure 10 . Position of the glacier front along its margins in Columbia Bay, obtained from tree ring data. The arrows show the location where the terminus remained steady for nearly three centuries. at this location until the height of the sediment shoal increased sufficiently to reduce calving rate.
[35] Figure 13 shows modeled glacier length predicted by the water depth model with ELA = 900 m and q = 4 mm yr À1 . Assuming that the total amount of sediment, Q in equation (11), decreases about 50% at 60 km due to lateral diversion, the glacier stops advancing around A.D. 1400 (arrows in Figure 13 ), and the terminus position remains steady or retreats slightly until the shoal becomes high enough to reduce calving and to allow further glacier advance. The results qualitatively agree with the observed terminus positions shown in Figure 10 .
[36] Another possible explanation is that the glacier bed topography was different during glacier advance. Existence of any basal depression around 61 km would provide a steady state phase until the glacier builds a large enough moraine bank to decrease water depth and to advance further. It is possible that a part of the moraine bank, which filled the basal depression, was not excavated during subsequent glacier advance, resulting in the observed upward slope instead of basal over deepening.
[37] Van der Veen and Whillans [1993] showed that less than 20% of the flow resistance of Columbia Glacier is due to the lateral drag and gradients in longitudinal stress. Therefore we did not include longitudinal stress gradients and lateral drag in our model. It should also be noted that we did not account for potential restraining forces associated with the sediment bank [Fischer and Powell, 1998 ]. The sedimentation model used in this study is a simple first approximation. For further refinement it is necessary to use a more realistic model and also to obtain data, which reveal the possible shape and size of the moraine shoal and how this shoal affects the forward motion of the glacier.
[38] The detailed history of the terminus of Columbia Glacier at the end of the fjord is rather complex with small advances and retreats occurring in the late 1800s and early 1900s [Gilbert, 1904; Grant and Higgins, 1913] . The reason that advance of Columbia Glacier was halted at Heather Island might be linked to climate fluctuations or to the geometry of the bay behind the island. In this study we did not investigate under what conditions the glacier stopped advancing and, instead, assumed a rapid increase in water depth beyond the fjord (which effectively prevents the terminus from advancing further). More detailed investigations concerning processes that may have halted advance and initiated retreat requires more complete data including high-resolution climate history, sedimentation rate, and the bathymetry of Columbia Bay.
Conclusions
[39] The present model study indicates that the terminus of a tidewater glacier cannot advance into water deeper than $300 m unless sedimentation at the glacier front is included. This finding confirms earlier suggestions concerning the importance of proglacial sedimentation in allowing tidewater glaciers to advance down the fjord [e.g., Post, 1975; 1991]. Irrespective of the accumulation rate and the calving criteria (the water depth model or the flotation model), it is impossible to reproduce glacier advance into deeper water.
[40] We incorporated a simple sediment transport scheme into the numerical ice flow model. As the glacier advances, the sediment bank at the calving front is pushed forward in a conveyor belt fashion with the bank size continually increasing due to the addition of sediments eroded up glacier and transported to the terminus. The model simulations show that the glacier can advance only if sedimentation at the glacier front reduces the local water depth to around 250 -300 m.
[41] The observed advance of Columbia Glacier is qualitatively reproduced by prescribing a constant mass balance and varying sediment bank height in front of the terminus.
Comparison of model experiments with the climate record for the last millennium indicates that major changes in glacier advance (300 years of near steady terminus position halfway in the fjord) are unlikely related to climate change. The advance of Columbia Glacier is largely the result of the formation and evolution of a terminal moraine rather than changes in climate. These findings suggest that during the prolonged phase of advance down the fjord the response of a tidewater terminus to climate change may be of secondary importance compared to the rate of growth and migration of a terminal moraine. Therefore it is important to understand and consider these processes when interpreting glacier behavior as an indicator of climatic fluctuations.
[42] Two calving models were implemented into the ice flow model as lower boundary condition, one based on the correlation between water depth and calving rate and the other based on the flotation criterion proposed by van der Veen [1996] in which the terminus retreats to where the frontal thickness is greater than the flotation thickness by a prescribed amount. Both models yield similar glacier behavior. With the presently available data for the advance of Columbia Glacier it is not possible to decide unambiguously in favor of either of these models.
